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NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

SOME REMARKS ON THE DESIGN OF TRANSONIC TUNNELS WITH
LOW LEVELS OF FLOW UNSTEADINESS*

BY DENNIS G. MABEY
ROYAL AIRCRAFT ESTABLISHMENT
BEDFORD, ENGLAND

SUMMARY

Flow unsteadiness in wind tunnels is defined and its importance for
aerodynamic measurements outlined. The principal sources of flow unsteadi-
ness in the circuit of a transonic wind tunnel are enumerated. Care must
be taken to avold flow separations, acoustic resonances and large scale
turbulence. Some problems discussed are the elimination of diffuser separa-
tions, the aerodynamic design of coolers and the unsteadiness generated in
ventilated working sections (both slotted and perforated).

1. INTRODUCTION

It is a great personal pleasure for me to be invited to give this lecture at NASA Langley Research
Center when the 2.5m x 2.5m National Transonic Facility 1s being designed. This lecture cannot provide
all of the answers to your problems because successful transonic tunnel design involves finding the
correct solution of many conflicting requirements. However, the lecture may serve to focus attention on
some of the main problem areas.

2. DEFINITIONS AND MEASUREMENTS OF FLOW UNSTEADINESS

Tunnel unsteadiness is really a generic term covering velocity, pressure and temperature fluctua-
tions (fig. 1), but the temperature fluctuations may, in general, be neglected at transonic speeds.

The turbulent velocity components
1

u', v', w

are extremely difficult to measure at sub-
sonic and transonic speeds, even in contin-

uous facilities. Hot wires tend to fatigue PRESSURE  FLUCTUATIONS P! TRANSDUCERS
rapidly at transonic speeds because of aero-

dynamic buffeting (the critical Mach

number of a circular cylinder is about ‘=:::1§:3

M = 0.5). 1In addition, there is aero- CENTRE LINE

dynamic interference at transonic speeds S =

from the prongs which support the hot wire
and the interpretation of the hot-wire

signal is difficult. E SIDE WALL

A few measurements of the lateral com-
ponents of turbulence v', w' have been W v
derived from differential-pressure yawmeters. //’ HOT WIRES
Thus Igoe measured rms incidence fluctuations TURBULENCE v
varying from about 0.25 to 0.50° in the
Langley 16 ft. transonic tunnel™, and rms
incidence fluctuations of 0.3" have been TEMPERATURE T HOT WIRES
measured in the NAE 5 ft transonic tunnel”. FLUCTUATIONS
However, it is difficult in yawmeter measure-
ments to isolate the contribution of the Fi 1. Flow U di
static pressure fluctuations. tgure L. ow Unsteadiness
In view of these difficulties, the flow unsteadiness is normally assessed by measuring the static
pressure fluctuations on a body of revolution on the tunnel centre line or on the sidewall of the tunmnel.
Centre line and sidewall pressure fluctuations seem to be comparable for many transonic facilities3 but
McCanless suggests that, for several large American tunnels,,the centre line pressure fluctuations may
vary from 70 percent to 100 percent of those on the sidewall . Siddon has shown how difficult it is to
isolate the true static pressure fluctuations from those associated with the velocity fluctuations”.
(There is also some unpublished evidence that the presence of a body of revolution on the centre line of
a windtunnelm% itself alter the pressure fluctuations on the sidewall , although this effect was small
in other tests” ).

A lecture given at the NASA Langley Research Center on September 15, 1975. The views expressed
by the author do not necessarily represent the views of RAE



Owen has described the basic technique used for pressure fluctuation measurements in RAE wind-
tunnels’. The results are presented in nondimensional form (fig. 2) by dividing the rms intensity
of pressure fluctuations, P, by the windtunmel kinetic pressure q. A nondimensional frequency parameter
n = fw/V is used (referred to as a Strouhal number when one particular frequency parameter predominates
in the pressure fluctuation spectra), where f =
frequency Hz (c/s), w = width of tunnel m (£t) and
V = velocity in m/s (ft/s) and a nondimensional

spectrum function F(n) is defined such that () OWEN

TOTAL RMS PRESSURE
FLUCTUATION COEFFICIENT

—_— n = o0 log n = oo Fut
2 vy r.-
=] nF(n) e | LOG A
p_ = F(n)dn = nF(n)d(log n). he o t J
2
n=20 log n = —o0 oo o) eT6 oo
LOG(n)
vnF(n)
In buffeting investigations, the presenta- FREGUENCY PARAMETER
tion of excitation spectra in terms of ,/nF(n) a=tLIv PRESSURE FLUCTUATION IN A
against log n is useful and this form is adopted NARROW BANDWIDTH
here. The pressure transducer receives additional
excitation from the fully-established turbulent - S~ By VU2 SAFR
boundary layer on the sidewall or body of revolu- oo o1 1o 10 100

tion, but this represents a small, nearly constant LOG(n)

correction at high frequency, which is often approxi-
mated by p/q = 0.006. For a turbulent boundary
layer, the rms pressure fluctuations are given more
precisely by p/q = 2.5 x the skin-friction coeffi-
cient Cf, and Cf is estimated to be about 0.002 to

Figure 2. Dimensionless representation of
excitation spectra.

8
0.001? for these tunnel boundary layers®. No cor FLUID MECHANICS
rections are generally made to the spectra for the
pressure fluctuations in the turbulent boundary INVISCID FLOW

layer or for the size of the transducer relative
to the boundary layer, because these corrections
are normally of low amplitude and high frequency TURBULENT BOUNDARY LAYER DEVELOPMENT

relative to the spectrum of flow unsteadiness. SHOCK WAVE / BOUNDARY LAYER INTERACTION
(WINGS AND INTAKES)

BOUNDARY LAYER TRANSITION

3. INFLUENCE OF TUNNEL UNSTEADINESS ON THE FLOW OVER

MODELS BUBBLE AND VORTEX FLOWS

TRAILING EDGE SEPARATIONS AND WAKES

Tunnel unsteadiness can influence the flow on
models in several different ways that are, however, WIND TUNNEL PROBLEMS
closely interrelated. In this section, a number
of aspects are discussed, which are important in
model tests, especially in tests of swept wings RUNNING TIME FOR ACCURATE DATA

(Fig. 3). DRAG-IN PRESENCE OF AXIAL FORCE VIBRATIONS,
FATIGUE FAILURES

STEADY MEASUREMENTS

3.1 INVISCID FLOW
UNSTEADY MEASUREMENTS

The velocity fluctuations v', w' proquce ?luc~ DYNAMIC DERIVATIVES
tuations in the angles of incidence and sideslip

(o , §) whereas the u' fluctuation produces a FLUTTER
fluctuation in kinetic pressure q and local Mach BUFFETING
number M. These fluctuations would collectively

produce fluctuating inviscid forces on the model. MORAL

The fluctuation in kinetic pressure will produce

fluctuating forces without any first-order SPECIFY FLOW UNSTEADINESS AS WELL AS
change in the shape of the pressure distribution REYNOLDS NUMBER

on the wing. However, the shape of the pressure
distribution can be altered by the fluctuations
in attitude and Mach number and quite small measurements.
fluctuations may produce significant changes

in the shape of the pressure distribution at transonic speeds. These effects will probably be
most apparent in the low-frequency part of the spectrum of flow unsteadiness.

Figure 3. Flow unsteadiness and windtunnel

3.2 BOUNDARY-~LAYER TRANSITION

Al]l tests made with free transition at,transonic speeds are likely to be sensitive to the level of
flow unsteadiness, as Lloyd Jones suggested

Drag measurements with free transition are proba sensitive to flow unsteadiness, which would
alter the transition position. Thus, Cumming and Lowe suggest how the drag measured with free transi-
tion on a model of the F-111 aircraft was influenced by unsteadiness generated by the walls of the working
section. The model was tested at identical conditions in a windtunnel which could be fitted with either
porous or slotted walls. The minimum drag of the model was much higher with porous walls than with slotted
walls, probably because tramsition was further forward on the model at the higher noise levels which were
believed to exist with the porous walls.

Great care may be needed in assessing apparent Reynolds number variations from measurements made
"transition free." Apparent variations in aerodynamic performance (e.g., buffet onset boundaries) with
Reynolds number may be caused by changes in the state of the boundary layer derived from the variation of
both the Reynolds number and the level of tunnel unsteadiness.



The prediction of natural transition on swept wings 1ls extremely difficult. Treadgold and
Beasley't have attempted to calculate transition Reynolds numbers on a series of swept wings in incom-
pressible flow according to four different criteria, namely:

growth of Tollmien-Schlichting waves;

sweep instability;

transverse contamination from the leading-edge; and
relaminarization.

It is planned to extend these calculations to transonic speeds, but it is likely that all these
criteria will be influenced by the level of unsteadiness in the flow.

When tests are made with fixed transition, Lloyd Jones suggested9 that the boundary-layer develop-
ment is not significantly influenced by variations in the level of tunnel unsteadiness. Despite this
suggestion, there is some unpublished evidence from comparative tests on the same model at the same unit
Reynolds numbers in both the ARA 9ft x 8ft and RAE 3ft x 3ft tunnels that appreciably different roughness
heights are required to fix transition in these facilities. It is possible that these differences in
eritical roughness height may be caused by differences in the level of unsteadiness at high frequencies
in the two facilities, but extensive research would be required to confirm this hypothesis. It is recom-
mended that roughness criteria on models should always be checked when unsteadiness levels are changed
in any part of the frequency spectrum, or when the same model is tested in several different facilities
with different spectra of unsteadiness.

3.3 TURBULENT BOUNDARY-LAYER DEVELOPMENT

Variations in flow unsteadiness can also _influence the development and structure of the turbulent
boundary layer. Charney, et. al, have shown that at low speeds variations in turbulence level from
u'/u = 0.3 percent to 4.7 percent can increase the rate of growth of the boundary layer on a flat plate
in a zero pressure gradient, distort the velocity profiles and increase the shear stress at the walls.
Green has analyzed these measurements to show how the strength of the wake component of the velocity pro-
file decreases as the free stream turbulence level increases . The analysis suggests that a turbulence
level as low as 0.1 percent will increase the local skin friction coefficient, Cf, by about 0.5 percent
compared to a quiescent stream; this increase is probably within the limits of experimental accuracy for
most skin friction measurements. However, the form parameter, H, will also be 0.003 lower than in a
quiescent stream; this corresponds with an equivalent Reynolds number based on momentum thickness about
6 percent higher. Green suggests that similar, or even more pronounced trends would be found in adverse
pressure gradients, so that at low speeds a turbulent boundary layer should separate later in a turbulent
stream than in a quiescent stream. If this hypothesis is verified, it might justify the practice, once
common in some small low-speed windtunnels, of attempting to increase the effective Reynolds number by
increasing the free stream turbulence level.

Similar effects are likely to persisEAat transonic speeds because there is no change in the basic
structure of the turbulent boundary layer until high~supersonic speeds. However, at transonic speeds
most of the unsteadiness is associated with pressure fluctuations radiated from the slotted or perforated
walls, rather than vorticity fluctuations convected from the settling chamber3d, and we do not yet know
how the turbulent boundary layer will react to imposed pressure fluctuations.

On lifting wings at transonic speeds, boundary layers are subject to steep pressure gradients, and
the turbulence structure in model tests must be representative of full-scale flows to give correct
answers for boundary layer thicknesses, profile shape, skin friction and tendency to separation.

3.4 SHOCK WAVE/BOUNDARY-LAYER INTERACTION

The character of the interference caused by flow unsteadiness on shock wave/boundary-layer inter-
actions will probably be different according to whether or not the shock is sufficiently stromg to
separate the boundary layer. There 1s evidence that the pressure fluctuations caused by the oscillai%on
of a shock strong enough to separate the boundary layer are strongly influenced by flow unsteadiness ~.
This can also be seen by examination of schlieren photographs taken on an aerofoil (See fig. 5.4 of
reference 16) at transonic speeds.

3.5 BUBBLE AND VORTEX FLOWS

Flow unsteadiness is likely to have a strong influence_on the pressure fluctuatlons developed by
separated bubble flows, as the author suggested previously /. 1If the tunnel unsteadiness or turbulence
is excessively high at a particular frequency, this could alter any feedback process between conditions
at separation and reattachment, as a Karman vortex street or an acoustic resonance does. Alternatively,
the strength of the wake component of the boundary layer, and hence the low-frequency pressure fluctua-—
tions, may be altered. This effect might be important when the wake component is large, close to flow
separation or reattachment.

Wills has shownl® how the first diffuser may introduce spurious low-frequency pressure fluctuations
into the working section of a low-speed windtunnel. However, the level of these spurious pressure
fluctuations required to alter the spectra generated by separated flows has not yet been established.

Flow unsteadiness may also affect the strength of leading-edge vortex sheets on slender wings and
the small pressure fluctuations caused by these vortices, by modifying the structure of the shear layer
and the strength and position of secondary vortex sheets. On swept wings, the spanwise origin of part-
span vortex sheets may be affected by flow unsteadiness.



3.6 LEADING-EDGE SEPARATIONS AND SHOCKLESS RECOMPRESSIONS

The flow around the leading edge of wings and, in particular, the development of separation or shock-
less recompressions can be expected to be influenced by flow unsteadiness because bOtﬁgphenomena are
strongly dependent upon the state of the boundary layer and the local flow conditions™~.

3.7 TRAILING-EDGE SEPARATIONS AND WAKES

Flow unsteadiness can be expected to have some influence on the development and the structure of the
viscous region near the trailing-edge and in the wake of wings and hence on the occurrence of flow separa-
tions. This concerns the important type B flow of Pearcey 0, and it is vital that this can be Investigated
without distortion due to unsteadiness.

3.8 INTAKE MEASUREMENTS

The AGARD Ad Hoc Committee on engine-—airplane interference and wall corrections in transonic wind
tunnel tests“- found that very little data are available on either the magnitude of the flow unsteadiness
effects on intake performance or of the levels of unsteadiness in windtunnels commonly used for intake
tests.

However, paper 2 of ref. 21 includes a brief discussion by Jaarsma on the effect of unsteadiness on
the surge characteristics and mean pressure recovery of an intake. The turbulence is generated primarily
in the shock region, This region is likely to be subject to strong interference with the unsteadiness, if
Robertson's results for missiles are relevant to intakes, which have similar pressure i%stributions and
shock wave/boundary~layer interactions in the vicinity of the shock. Stewart and Fisher showed that
the "buzz" boundary of a supersonic inlet could be masked by a high level of tumnel turbulence (which was
not measured) just as buffet onset on a wing can be masked by a high level of unsteadiness.

4, POSSIBLE CRITERIA FOR ACCEPTABLE LEVELS AND FLOW UNSTEADINESS

The review above indicated qualitatively the broad range of measurements which can be influenced by
flow unsteadiness. However, it is extremely difficult to quantify the magnitude of these effects.

The onset of light buffeting can be detected3in a continuous tunnel (fig. 4) if
VnF(n) £ 0.002

at all the frequencies of interest, and this makes a

severe requirement which may cover most other transonic 004 - 1
tests. This criterion corresponds roughly with total FLOW 1
rms pressure fluctuations in the free stream of about UNSTEADINESS :
-~ oozt | IMPOSSIBLE
p/q = 0.5 percent i
JAF® |
i.e., of the same order as those generated by an attached ool |
turbulent boundary layer. Although a few well designed - IMPOSSIBLE | MARGINAL
transonic tumnels achieve this low level at some speeds, ©-008 |- :
most have levels ranging from about Q-006 | |
MARGINAL 1 ADEQUATE
P/q = 1.0 percent to 0-004 | I|
2.5 percent ADEQUATE | GOOD
Pugh has recently suggested that for intermittent 0-002 % :
tunnels an even more severe requirement must be applied ]
to make precise determinations of buffet onset within a |
comparatively few cycles of buffeting. Perhaps the o060l !
only safe solution is to aim for the lowest possible |
level of flow unsteadiness over the complete frequency [
range. -:%« :
5. SOURCES OF FLOW UNSTEADINESS IN TRANSONIC TUNNELS LIGHT HEAVY
BUFFETING BUFFETING

Figure 5 shows most of the sources of flow unsteadi-
ness which wmay occur in a continuous tramsonic tunnel
driven by a compressor or fan; all of these should be
carefully considered in the design of the cryogenic
NTF. We shall only have time to consider flow unsteadiness generated in the diffuser upstream of the maximum
section, in the cooler, in the first diffuser, and in the ventilated working section.

Figure 4. Flow unsteadiness criteria for tunnel
buffeting tests.

The golden rules to ensure low levels of flow unsteadiness are shown in fig. 6. These criteria are
arranged in ascending orders of magnitude of cost. It is gomparatively cheap to ensure no large scale
turbulence by using the design criteria given by Bradshaw“” for low speed wind tunnels. It may be more
expensive to eliminate resonances because flow baffles or sound absorbing treatment may be required. It
1s expensive tc eliminate separations because this means careful design and small diffuser angles, which
means much greater cost.



It is worth re- ) Return circuit
marking that cryogenic
facilities should have

C_1 J—

no additional intrinsic
aerodynamic problems " s ompressor
compared with conven-~ 2 c or
tional wind tunnels. ¥ A Closed W =] fan
Thus, the rms pressure » a
fluctuations generated b s \r\
by the attached turbu- I ) ) T
lent wall boundary Aerodypumlc Aerod}{numic Sn';lul'l scale |i H funsl:udmsss ¢ thse ot .
ise from { | noise/orqgan { thi requency|; H rom quadran armonics o
i:Z]e.;:rSEZZigszeof the n:iw.umrk pipmqq t%rbulgn:t y H ! fairing /diffuser ian blade freq
higher Reynolds num- é :
bers, and because ) ' Teead ;
nsteadiness from
EZT;ebzozﬁizszrlizzrs | Plenum_chamber_| plenum chomber flow
Ventilated WS

shoutd o Ezipiiiiﬁm NTE blotted or parforated|—] extraction reqion.
to higher frequencies \ Low (re?u:ncy edge - tanes
than in a conventional from diffuser collectors
wind tunnel. Simi- trforate S hig

- frequency edqe-tones
i:gi)s"c:: iio‘;vz:s:;a frumq' 60° rynclmq:d holes
for operation with air Figure 5. Sources 0f unsteadiness in transonic tunnels.

at atmospheric pres-

sure and temperature,

they should also be avoided at the higher Reynolds numbers associated with cryogenic operation because
higher Reynolds numbers almost invariably increase the resistance of turbulent boundary layers to

flow separation. One possible problem area may be in the selection of the optimum point in the

tunnel cireuit for the injection of liquid nitrogen.

Model tests of tunnel designs should glve clear guidance GOLDEN RULES COST

for the avoidance of resonances and large scale separations.
However, phenomena which occur at small scale, such as edge-
tones generated by perforations or organ piping in the plenum

NO LARGE SCALE |

chamber excited by the diffuser, may be much more difficult to TURBULENCE
represent accurately; these problems are sensitive to the bound-
ary layer thickness. The edge-tone problem is being closely NO RESONANCES 10

investigated both by the AEDC and ONERA using partial models of
ventilated walls, and results of these tests should be reported
shortly. NO SEPARATIONS 100

5.1 SETTLING CHAMBER DESIGN Figure 6. Golden rules

The importance of a good aerodynamic design upstream of the working section cannot be too highly
stressed, because disturbances from the 2iett:ling chamber are convected downstream into the working sec-
tion. One interesting example occurred in the RAE 3 ft x 4 ft supersonic tunnel, which was designed
without much attention to the steadiness of the flow. The maximum velocity in the settling chamber was
about 13 m/s (at M = 2.,5) and this value is fairly typical of a transonic tunnel design.

Figure 7 shows the initial, low frequency, flow M=2.5

fluctuations in the working section, which prevented 1 o\/\/\/\/\/\f\r"/llkf\/\'\/\,
0-2

the accurate calibration of the tunnel. On evidence

to be presented later (fig. 10), it was decided that FLOW \/\M‘/\Aw’“\ﬁm/\
the problem would have to be investigated at full- DEFLECTION

scale, and that model tests would not be particularly —0-2° M=35
helpful. This was an important decision which was e T e N e N
vindicated by the subsequent measurements.

Figure 8 shows how the flow fluctuations in the
working section were generated by a separation on fe——1 SECOND —————|
one side of the 13° diffuser upstream of the settling

chamber. [This separation was shown in a cine- BEFORE

film which followed this lecture . A pailr of vortex M=2-5
generators was added to eliminaté this diffuser separa- o —_—
tion. Subsequently, a honeycomb was inserted at the ) 0-2 M=3-0
end of the diffuser to destroy the large scale turbu- FLOW 0 ™ e e
lence provided by the vortex generators. Following DEFLECTION

Bradshaw's suggestion <7, to ensure a small turbulence -0-2" M=3.5
scale in the final flow through the working section,

the 4th high drag screen was removed and replaced AFTER MODIFICATIONS

with another of lower drag (higher open area ratio).
An additional low drag screen was added to ensure

that the final level of the rms turbulence was lower
with the final configuration than with the original
configuration. The method of construction adopted for the tunnel [also shown in the cine—film] made it
relatively easy to insert the honeycomb and to alter the screen configuration. Turbulence measurements

were made in the settling chamber downstream of the last screen to assess the improvement in flow quality.

Figure 7. 1Indicated flow fluctuatioms in
working section.



Figure 9 shows the turbulence reduction achieved with the vortex generators. The first pair adopted
achieved a stable diffuser flow with the good inlet distribution provided by parallel operation of the
compressors, but a bi-stable condition existed with the poor inlet distribution provided by series
operation of the compressors (manifestly these differing inlet distributions would have been difficult to
represent in model tests). The addition of a small tip extension to the vortex generators to increase
the mixing sufficed to ensure stable diffuser flow for both parallel and series operation of the
compressors.

20
1
4x2-5q SCREENS U, o
13° DIFFUSER 4 % SERIES

I's _PARALLEL\
10

TOP

o ACCURACY* ¢

DISTRIBUTION OF oslL

TAPES ON
UPSTREAM SCREEN

CLEAN DIFFUSER ol A —J

20 M 30
CLEAN DIFFUSER
20 . 20
[ u/ o
u% eis—Ez'[riil_E R
i s | MoDE st
GOTHIC VORTEX SERIES —STABLE
GENERATORS <)
x
| o | PARALLEL "\ o _PARALLEL \
"l "I
MODIFIED GOTHIC 3x2:5q SCREENS L ol
VORTEX GENERATORS 2x1-6q SCREENS 20, 30 Y 20y 30
HONEYCOMB GOTHIC VORTEX MODIFIED GOTHIC
GENERATORS VORTEX GENERATOR'S
Figure 8. Effect of tunnel changes on mean Figure 9. Turbulence reduction with vortex
diffuser flow, M = 2.5. generators.
The next set of curves shows the corresponding
improvements in turbulence level in the settling 20
chamber. With the unmodified "eclean diffuser" U o
(fig. 10) the flow was anything but clean, with a fy
high turbulence level and large Reynolds number 15 |
effects, quite different at M = 2.5 and at M = 4.0,
This evidence precludes the investigation of the
problem in a scale model. 1ok
In a transonic tunnel, if similar separations
occurred at the same velocities, the Reynolds osh
number effects on the flow in the working section SERIES RUNNING ©
would be large. With the vortex geunerators the P1= ATMOSPHERE
turbulence level is much lower (fig. 11), but . . . ,
there is still a marked difference between the o 1.0 2.0 30 240 M50
results for M = 2.5 and 4.0, reflecting a flow TURBULENCE V MACH NUMBER
sensitive to diffuser inlet conditions. Note
the large Reynolds number effect at the lower 20
diffuser velocity (curve for M = 4.0). With the Uy o |
addition of the honeycomb we have an ideal flow v x
in the settling chamber (fig. 12) with a low 15 F U=136 m/s
turbulence level u'/U = 0.5 percent invariant M=2:3
with Reynolds number which is almost, but not
completely independent of the compressor operation. 1ok
This is the sort of target we should aim for in
the settling chamber of a fan driven tramsonic
tunnel. o5 L
SERIES RUNNING
The measured reduction in working section flow FOUR SCREENS
fluctuations corresponds rem%Ekably well with that , L ,
predicted by Ribner's theory“® under the assumption o o >0 30 20 R 5.0x10%
of isotropic turbulence in the settling chamber. TURBULENCE V MAXIMUM SECTION
Ribner's theory has already been verified at low speeds REYNOLDS NUMBER

and fig. 13 suggests that tentatively it may be assumed
to be valid at transonic speeds. Thus, this theory
could be used to help select an acceptable turbulence
level in the settling chamber for a given contraction
ratio.

Figure 10, Turbulence with clean diffuser.
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SERIES RUNNING

10

of the cooler configuration) coincides with a standing
wave frequency, resonant conditions may be encounter-
ed 27730 " 1¢ is preferable to design coolers so that
resonant conditions can be avoided, but if by mis- 002 - PREDICTED
chance they are encountered in a particular cooler the
single vortex shedding frequency may be suppressed by
fitting inclined splitter plates into the coolers.

5 r P, = ATMOSPHERIC
SERIES RUNNING o) 1 1 ' 1
Py=ATMOSPHERIC 10 20 3.0 40 M 50
L
° 1-0 2:0 3-0 4-0M 50 TURBULENCE v MACH NUMBER
TURBULENCE v MACH NUMBER
. 1-O
I s U =13-6 mfs uy U=13-6m/s
o, = .
Vi % A M= 25
x X
() o o5 P 154
U= 3-6m/s SERIES RUNNING
M= 40 5 SCREENS
osl L { 1 1
SERIES RUNNING © - - ! o
5 SCREENS [Re] 2:0 3-0 40 R 50xI0
° . L N . TURBULENCE v MAXIMUM SECTION
-0 2-0 3-0 40 5-0 REYNOLDS NUMBER
Rx10®
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Figure 11. Turbulence with vortex generators.
5.2 COOLER DESIGN
005 T
Most continuous transonic tunnels incorporate a < rms ‘
cooler close to the maximum section. The NTF is DEGREES :
also to function with air and so a cooler will be 0-04 |- '
provided. If this cooler incorporates circular tubes, ORIGINAL
there is the possibility of vortex shedding over a TURBULENCE “
wide range of Reynolds numbers. 1If the vortex shedd- \
ing frequency (which depends strongly on the details 0-05 b \
\
\

\  INDICATED
\ YAWMETER
)(FLUCTUATIONS

0-0l p~
These splitter plates also "detune" the coolers by
raising the resonant frequencies. REDUCED
TURBULENCE
Splitter plates of this type were used to eliminate A 1 1
severe noise and structural vibration in a.cooler for 0 1-0 2:0 3-0 40 v 50
the RAE 3 ft wind tunnel.
The Karman vortex shedding frequency £., Hz for Figure 13. Predicted a‘nd indicated
circular tubes is 1 fluctuations versus Mach
fl = kv/d Eq. 1 number.

where V = velocity between the tubes in m/sec and d = tube diameter in
Strouhal number which varieszﬁith cooler geometry. For staggered tube arrangements values of k of
about 0.2 have been reported“”. The value of k = 0.46 quoted in ref. 28 is based on the approach

velocity, rather than the velocity between the tubes and probably corresponds to k = 0.2 on the present
definition. k is also about 0.2 for isolated circular cylinders.

m (ignoring fins). k is the

For in-line tubes the experiments of Grotz and Arnold30 suggest that f; should depend on s, the
streamwlse pitch between the rows, rather than the tube diameter d, k should then be about 0.5. The
standing wave resonance frequency f2’ Hz is

EZ = nc/2h Eq. 2

where n = an integer

0
n

velocity of sound in m/sec

and h = duct height in m normal to the flow direction and the tube axis. Standing waves can form when

and the necessary energy is provided by an increase in pressure drop across the coolers28



Figure 14 shows features of
the 3 ft tumnnel coolers relevant to
this discussion. There are two cooler

VORTEX SHEDDING FREQUENCY

banks separated by a duct. The
cooler tubes are staggered and
their diameter is 19 mm.

Figure 15 shows the variation
of vortex shedding frequency with
the velocity between the tubes; the
values estimated with k = 0.2
compare quite well with audio-
frequency measurements, as in an

AIR
FLOW

f, = kv/d
RESONANCE FREQUENCY
fa =nc/yp

1O ROWS , HORIZONTAL
SPACING 70aa

American cooler which experienced
comparable noise and vibration 9,
It will be noted that the cooler

30 ROWS

VERTICAL

SPACING Slmm
¢ =19mm

UPSTREAM

DucT

DOWNSTREAM
BANK

h=z1-37m

operates in the subcritical range
of Reynolds numbers. At the
first resonance, when the noise
and structural vibration were
severe, the estimated vortex shedd-
ing frequency coincides with the
frequency of the standing wave
measured with a pressure transducer
just upstream of the cooler. This frequency,
122 Hz, is the calculated fundamental fre-
quency, equation (2). The wave form of the
motion was determined by traversing the pres-—
sure transducer from the top to the bottom
of the cooler face. There were pressure
anti-nodes at the top and bottom of the
cooler face and a node on the centre line
(fig. 16), corresponding to velocity nodes
at the walls and velocity anti-nodes on the
centre line. The maximum amplitude of the
pressure fluctuations was enormous, about
P/q = 28 and this was sufficient to excite
many parts of the tunnel structure although
the cooler tubes did not move significantly.
Ths noise and vibration in the American
cooler’?’ were eliminated by raising fg by
dividing the cooler with splitter plates and
a similar modification was applied to the
3 ft tunnel coolers. Two palrs of alternately
inclined splitter plates were inserted in the
upstream coolers from the upstream end; the
inclination of the splitters was determined
by the tube spacing (fig. 17). These splitters
detuned the upstream bank, raising £, to
about 360 Hz, but did not directly dé€tune
elther the intermediate duct or the down-
stream coolers. However, the noise, struc-
tural vibration and the pressure fluctua-
tions at the upstream cooler face were al-
most completely eliminated by this simple
modification.

Figu

Since these alternately inclined splitters impose
a three dimensional non-uniform velocity field on the
upstream coolers they must suppress the single vortex
shedding frequency which excites the resonance.
Thus, the principal effect of the inclined splitters
in the upstream coolers is to change the discrete
excitation at a particular frequency (given by
equation (1)) to an excitation covering a much wider
range of frequencies.

The flow at the downstream cooler was probably
sufficiently non-uniform to completely suppress
vortex shedding at a particular frequency, but to make
quite certain of this, splitters were subsequently
inserted into the downstream coolers from the downstream
end. A honeycomb was also added to eliminate large scal
eddies before the flow passed through the tunnel screens
into the contraction.

50

BANK

Figure 14. Coolers for 3 ft tunnel.
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Figure 16. Wave form of pressure fluctua-

tions.
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In earlier coolers in the 3 ft tunnel, the tubes were vertical and the critical organ pipe frequencies

were then at different levels, namely f n x 67.

pressure fluctuation measurements in the working section

may in fact have been excited, although no noise or structural vibration was ever noticed.

Hence, the fundamental frequency was never excited
within the normal cooler operating rangeé (from about 8 to 14 m/sec).

However, a reappraisal of some
suggests that the second harmonic at f, = 134 Hz
(The vibration



of sting-mounted models in the working section is certainly
less with the new cooler configuration.) The large
aerodynamically induced vibration was thus encountered
only because the tubes in the new coolers were arranged
horizontally to facilitate their maintenance.

TOP

The wide temperature range of a cryogenic wind tunnel
implies a wide variation in the velocity of sound so that
it may prove more difficult to avold acoustic resonances
than in a conventional tunnel.

I

18 piB

5.3 DIFFUSER DESIGN 17 ¢

AIR
Many transonic wind tunnels are equipped with a E[aw_[:>
second throat to prevent pressure fluctuations from the
diffuser entering the working section, but this normally
requires a significantly higher tunnel pressure ratio,
particularly at the lower Mach numbers from say M = 0.30
to 0.60. Hence, it is advisable to design the tunnel so
that diffuser separations do not occur at any speed and a
second throat is not obligatory. It may be difficult to
avoid separations when the first diffuser incorporates a

Y

b8

@

"quadrant” to support the model under test and where short
wide angle diffusers are essential to reduce costs.

The RAE 3 ft x 3 ft tunnel was originally designed
and operated only at supersonic speeds. Downstream of
the quadrant was a central fairing, which formed a con-
stant area duct (to improve supersonic pressure recovery).
This fairing was terminated by a bluff end. When the tunnel
was subsequently operated at subsonic speeds, the large

BOTTOM

Figure

UPSTREAM
BANK

pucT

DOWN-

STREAM
BANK

17.

Splitter plates for coolers.

pressure fluctuations generated by
the separation at this bluff end

apparently excited the first and ;U§5
Fi )

resonances and thus peoduced bl 30 S4 M080

produce ====3ftX 3ft
large pressure fluctuations in 0-025 F / ™A ez
the working section both in the 0-020 F Ist DIFFUSER "
RAE 3 ft x 3 ft tunnel [these o-01s} RESONANCE I DIFFUSER FAIRING OUT
waves were shown in the cine—film) 0-010 \

and in the model 4 in x 4 in
tunnel (see fig., 18 for M = 0.80).
(This 1s an interesting example

of what is probably a general 0-015 F
result: when the length of the ’&&0 DIFFUSER FAIRING IN

separations are of the same
order as the working section

0-005

0-005

dimensions the differences between 0 ooz .04 0,06 0080 o7 _—|~_ . :;_;;;;m0
model and full scale performance 04 060810 n = fwjv
are small.) The same effect was )
found at other Mach numbers with
Figure 18. Pressure fluctuations in closed working

some variation of the relative intensity

sections.

of the modes caused by variations in the
predominant frequency of the excitation from the separation. (The base flow on the centre body was not
two-dimensional because its aspect ratio was only 3 and there were thick boundary layers on the walls.
However, the predominant frequency at n 0.38 corresponds with a Strouhal number based on the width

of the centre body of 0.16, a typical value for bluff bodies.)

A removable fairing to eliminate this separation was developed in the model tunnel and a similar
fairing subsequently manufactured for the 3 ft x 3 ft tunnel. This fairing reduced the working section
pressure fluctuations (fig. 18) and the axial force balance stress.

At subsonic speeds, even with the diffuser fairing, there is a large low frequency component in the
range from n = 0.02 to 0.08 which disappears when the tunnel chokes. A similar low frequency component
was found in the model and was higher with the centre body and diffuser fairing than with the unfaired
centre body (fig. 18). One hypothesis to explain the origin of this low frequency unsteadiness was
that the potential flow did not divide

steadily on either side of the long ;z;g

centre body, but oscillated from 4inX 4in M=0-80

side to side. (Low frequency un- 0-015p

steadiness of this type has been 0-010 DIFFUSER FAIRING IN

observed in bifurcated intake ductsl.) REVISED BALANCE SECTION

If this hypothesils was correct, it 0-005

seemed possible that a very short 0 R S e U} ey }

centre body would reduce the low fre-— R . a1 .
quency unsteadiness. Hence, the long oo 0-02 004 010 02 04 06 0810 20
centre body and diffuser fairing were n=fw/v
removed from the model tunnel and re- s . .

placed by a revised balance section Figure 19. Original and revised balance sections.

without a centre body which incorporat-
ed nearly the same area distribution.

This revised balance section reduced the low frequency excitation

in the model tunnel (fig. 19) and hence was subsequently incorporated in the 3 ft x 3 ft tunnel.
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Useful reduction in the small scale turbulence
generated by the wakes of honeycomb or cooler fair-
ings, turning vanes or struts may be obtained by
relatively simple modifications to the trailing-
edge region. Although these small scale refinements
are often unwisely not incorporated in wind tunmels,
they can be essential in the design and operation of
water turbines. Thus, Heskestad3? showed how simple
modifications to the trailing-edges of turbine blades
reduced the level of vibration, directly reflecting
a reduction in the hydrodynamic excitation. Similar
Reynolds number ranges occur in transonic wind
tunnels so Heskestads results (fig. 20) are of
interest.

5.4 WORKING SECTION DESIGN

The ventilated working section inevitably deter-
mines the level of flow unsteadiness at the model
position if careful design ensures that the sources
discussed above are small or non-existent.

Many ventilated working sections operate with
diffuser suction (to avoid the complication and
capital costs of auxiliary suction) and diffuser
suction can cause large pressure fluctuations. Much
more work is required to understand and modify the
mixing process in this region. [Also illustrated in
the cine—film.]

It is convenient to discuss slotted and perforated
working section designs separately, although they have
much in common. In the author's view’, low levels of
unsteadiness are currently easier to obtain in slotted,
working sections, rather than perforated working
sections. However, many wind tunnel operators would
restrict the use of slotted working sections to Mach
numbers below M = 0.95. They would prefer to use
perforated working sections (with 60° inclined holes)
from M = 0.95 to 1.30 because of their superior shock
and expansion wave cancellation properties. These
are controversial questions upon which it is unwise
to be dogmatic. The working section of the NTF
should be designed so that different slotted and per-
forated walls can be readily fitted and provision
made for continuously varying the wall geometry (e.g.,
the position of perforated screens under the slots or
the open area ratio of the 60° perforated wall).

Thus, the tunnel could ultimately be made fully "self-
correcting"” as currently proposed in smaller pilot
facilities

5.4.1 SLOTTED WORKING SECTIONS WITH DIFFUSER SUCTION

Figure 2la illustrates the large pressure fluctua-
tions generated in the extraction region at the end of
the slotted working sectlon of the 4 in x 4 in
tunnel, which reach a peak of VnF(n) = 0.036 at a
value of about n = 0.8. When the slots are closed,
the pressure fluctuations are reduced dramatically
to a uniform level of about ¥nF(nj = 0.005.

Closing the slots will fix the separation line at
the end of the working section. In contrast, with
the slots open we can imagine the dividing stream-—
line for the slot flow oscillating upstream and
downstream and thus generating additional pressure
fluctuations, as in a typical bubble flow?.
Figure 21b shows that the pressure fluctuation
spectra in the working section are roughly com-—
parable in shape with those in the extraction
region. However, with the slots open the peak is
much lower, ¥nF(a) = 0.01 at n = 0.6. When the
slots are closed there is a large reduction in the
pressure fluctuations in the working section.

There was no evidence of organ piping across
the extraction region, but it was found by experi-—
ment that the characteristic excitation frequency
of the peak in the working sections in both the
4 in x 4 in and 3 ft x 3 Tt tunnels was

VIBRATION
=T 73 .
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Figure 20. Influence of trailing-edge angle.
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0.030 < S*< 0.040

n

0-030
JoF () 3ftx 3t oren
where 5% = fWS/V 0025F g = O-85 WITH FLAT _ _ _ 2
0-020 | SCREENS
and W, = slot width M
s 0-0I5}
and that the level of the pressure o-010}
fluctuations decreases as the 0-005 b
number of slots increased (for M o e
fixed open area ratioc). Hence, to 00.04 ot 02 04 1-0 20 40 10-0
minimize the flow unsteadiness
created by slotted working sections, n=ftw/V
we should try to use a_large
number of narrow slots~. Figure 23. Reduction of pressure fluctuations in slotted working

According to the theory developed
by Eggink; weak compression waves
moving upstream through the working
section at high subsonic speeds must
intensify into shock waves and then be
dissipated as heat. Hence, the corre-
sponding wall pressure fluctuations
would first increase and then decrease.
This theory was verified in the model
tunnel top and bottom slotted working
section by measuring the sidewall pres-
sure fluctuations at M = 0.80 as the
transducer was moved upstream. The
measurements (fig. 22) show a small
initial increase in the peak pressure
fluctuations just upstream of the ends
of the slots (probably just significant)
and then an almost monotonic decrease.
There is no alteration in the frequency
of peak excitation (about 1360 Hz)
along the working section. [The high
speed cine-film also suggests that the
waves are attenuated moving upstream.

Similar results have been observed
in other slotted working sections
(see fig. 6 of ref. 36).

CONTRACTION

It is interesting to notice that the

pressure fluctuations in slotted
working sections may be further
reduced by covering the slots
with flat screens {(fig. 23).
must inhibit the slow mixing
process between the free stream
flow and the plenum chamber along
the working section, and stabilize
the separation line at the rear of
the slots. (This method of reduc-
ing the flow unsteadiness may
alter the Mach number distribu-
tion in the working section and
the wall interference.)

These

5.4.2 EDGE-TONES FROM 60°
PERFORATIONS

The perforated transonic
working gection supplied for
the RAE 3 ft x 3 ft transonic

tunnel (fig. 24) encountered a serious problem of flow unsteadiness.

section.
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Figure 24. 3 ft x 2.7 ft perforated transonic section.
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Figure 25. Effect of total pressure on pressure fluctuations,

M = 0.80.

When operated at low Reynolds

numbers (e.g., as obtained when starting the tunnel or when running at high subsonic speeds, but low
density) strong high frequency edge~tones were emitted from the holes which seriously impeded dynamic
measurements. Figure 25 shows how the pressure fluctuations at M = 0.80 increased from VnF (n) =20.004
to 0.060 at ths edge-tone frequency as the tunnel total pressure was reduced from 136 to 34 kN/m

)

(20 to 5 1b/in

. The measured Stouhal number of these edge~tones (based on the hole diameter d rather

than the tunnel width w) did not vary much with Mach number although first, second and third modal

frequencies could sometimes be distinguished (fig. 26a).

The amplitude of the pressure fluctuations at

the edge-tone frequency did not vary strongly with Mach number up to M = 0.70 (fig. 26b) so that acoustic
regonances at fixed frequencies in the plenum chamber, working section or diffuser (whose amplification

factor would vary as frequency changed) could not influence this phenomenon.

It is interesting to note

that the Strouhal number dsrived from previous measurements in the ONERA 6 £t x 6 ft tunnel at M = 0.80,

P, = 102 kN/m? (14.8 1p/in

) agreed exactly with that measured in the RAE 3 ft x 3 ft tunnel at M = 0.80,

Pt - 34 kN/m? 5 1b/in2) (fig. 26a) and that even the pressure fluctuation amplitudes were comparable

(VOF (n

= 0.038 and 0.050 respectively in fig. 26b) despite many detailed differences between the tunmnels.

Hence, edge-tones from the holes were generating the pressure fluctuations in both facilities.
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In both facilities the edge~tones were completely
eliminated by taping over the wind swept surfaces.
When one of the sidewalls of the RAE 3 ft x 2.7 ft
tunnel was then untaped (fig. 27a), edge-tones were
generated almost as strongly as with four walls un-
tapedt. However, as this open sidewall was progres-
sively taped over again, working upstream from the
end of the liner, the pressure fluctuations were
reduced and the unit Reynolds number for the onset
of edge-tones was also reduced. This suggested
that the effect of reducing unit Reynolds number
was to increase the boundary layer thickness 5*,
and that edge-tones were generated when §%/d
exceeded some critical value. As the tapes were
extended upstream the boundary layer at the open

holes just upstream of the tape became thinner VnF({)
at any given unit Reynolds number. Hence, a o2
progressively lower unit Reynolds number was re-— ook e
quired to achieve the critical value of § /d
necessary to initiate edge-tones. A critical value oro8r
of about § /d 2 0.4 to 0.5 can be inferred from 0-06 ¥ 1% MODE
the measurements given in fig. 27a. . = ONERA
’ ’ 2-04 2%MODE A:Dc:\é\

Tests in the ONERA 6 ft tunnel37showed that oz 3_,7 3% MODE a—=a \;__q

the edge-tones could also be eliminated by reducing Ie) 53 o 5% 58 o M T2

the wall porosity from 6 percent to 3 percent.

This variation of wall porosity was achieved, not
by sealing 50 percent of the holes, but by moving
perforated plates extending over the full length of

005

eﬁh‘\,\

and MODE
® AEDC 161t

TUNNEL ONERA 61t

TUNNEL
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1 L 1 1 1

o
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A VARIATION OF STROUHAL NUMBER WITH MACH NUMBER

o2 o4 ©O8 OB NE

Mo

b VARIATION OF PRESSURE

FLUCTUATIONS WITH MACH
NUMBER FOR DIFFERENT MODES

the plenum chamber side of the top and bottom Figure 26. Frequency and amplitude of
liners. A comparable experiment was made using edge~tones.

the small length of variable porosity sidewall of

the RAE 3 ft x 2.7 ft tunnel, the remaining walls N

being taped over. Figure 27b shows that the pres- o-12 T

sure fluctuations fell suddenly as the open area
ratio was reduced from 3 percent to 2.2 percent.
This modification was then applied over a wider
area by sticking perforated cardboard underneath
the rear 2 ft of the top and bottom liners from
which the tapes were removed. The cardboard was
displaced so as to give the desired open area ratio
of 2.2 percent and a large reduction in pressure
fluctuations was achieved (fig. 28a). Aluminium
strips were subsequently used to modify every

hole in the liners in this fashion. This modifica-
tion virtually eliminated the edge-tones (fig. 28b)
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a VARIATION

5 0 p, 15 Hy

OF PRESSURE FLUCTUATIONS WITH TOTAL

PRESSURE - SIDEWALL PARTIALLY TAPED

at the fundamental mode, although the third mode VrF(m)
(fig. 26) still persisted. © 020 rew 5546 7
PR LS LY T R ——
An hypothesis to explain the generation of PR
the edge-tones is suggested by the flow patterns 4 WALLS TAPED
found in individual holes (fig. 29). This shows 0005
a herring-bone pattern, indicative of a complex [ 3 y %

three-dimensional shear layer spearating from the
upstream edge of the hole. The mean shear layer
contains streamwise vorticity components of
opposite sense on either side. Under certain
conditions (e.g., as 6*/d increases), the mean
shear layer may not reattach to the inner sur-
face of the hole. The shear flow is probably

Figure 27.

OPEN AREA RATIO

b VARIATION OF PRESSURE FLUCTUATIONS WITH OPEN

AREA RATIO

OF VARIABLE POROSITY - SIDEWALL PLATE

Reduction of edge-tone intensity, M= 0.60.

always unsteady, but the degree of unsteadiness may be much greater when the mean shear layer does not

reattach onto a solid surface.

The mass flow into the hole would then vary strongly with time, which

would generate stronger edge-tones from the downstream edge of the hole. The downstream movement of the
variable porosity plate reduces the edge-tones either by permitting reattachment or by severely limiting
the amplitude of the shear layer oscillation. There is not enough evidence to confirm this hypothesis,
but the flow model inferred is at least consistent with Roshko's explanation38 of the effect of splitter
plates on the flow in the wake of bodies with a bluff base.

An interesting further study of the edge-tones generated by 60%inclined holes was given by McCanless
and Boone™.

5.4.3 PLENUM CHAMBER DESIGN

Little attention has been given to the influence of plenum chamber design on working section flow
unsteadiness, although this can be important. Thus, during the first runs of the perforated working
section of the RAE 3 ft x 3 ft tunnel large working section pressure fluctuations (¥nF(n) = 0.10)

Interference between the four walls produced this apparently anomalous result; large mutual inter-
ference effects were clearly demonstrated in additional experiments.

Detailed measurements of the boundary layer thickness in the corners of the working section would pro-
bably have been needed to interpret these anomalous pressure fluctuation measurements correctly.



were measured which increased in frequency from

30 to 50 Hz as speed increased. This phenomenon
recalled the unsteadiness observed in a slotted
water tunnel which was traced to edge-tones shed
from the diffuser collectors and elimingted by
changing the geometry of the collectors 9, A
similar process seemed possible with the perforated
working section because the side collectors had a
small leading-edge radius. Hence, bluff side
baffles were added to the side collectors and
these reduced the audible noise and the working
section pressure fluctuations (fig. 30). (No
further improvement was obtained with more stream-
lined baffles.) These side baffles suppressed the
shedding of vorticity inevitably associated with a
stagnation point oscillation on the sharp collector
nose. (No comparable unsteadiness was observed

in the slotted transonic section with these
collectors because the streamwise flow was then
constrained to a few discrete areas downstream

of the four complete slots.)

Significant unsteadiness remained at 50 Hz
and another experiment® was made to determine its
origin. All the holes in the perforated working
section were covered with adhesive tape
and the working section pressure fluctua—
tions reduced as anticipated (fig. 3la).

Then the tapes were removed progres—
sively from every wall in the sequence
1llustrated; the unsteadiness at 50 Hz
only returned when both sidewalls

were uncovered (fig., 31b). (This effect
was also observed in the plenum chamber.)
This suggested that the generation of
edge-tones depended on a symmetric
side-wall configuration and also that
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Figure 28. Elimination of edge-tones, M = 0.60.
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the edge-tones might be influenced by
the degree of interconnection between

N
“aoL MEAN

VARIABLE POROSITY PLATE ——= SHEAR LAYER

MOVED DOWNSTREAM TO NO LONGER

STABILISE SHEAR LAYER REATTACHES

the side plenum chambers. Hence, longi-
tudinal wooden baffles were inserted

in every corner of the plenum chamber.
These reduced the unsteadiness at

M = 0.60, but introduced large pressure
fluctuations and excessive external

noise at other speeds. These solid
baffles were then removed and perforated
with 2 in diameter holes drilled

halfway between the transverse venting
holes spaced every 8 in along the
longitudinal I beams (these venting

holes are 4 in diameter). When the
perforated corner baffles were inserted,
the pressure fluctuations at 50 Hz were
reduced (fig. 32) and there was no in-~
crease In pressure fluctuations or external
noise at other speeds. Perforated corner
baffles are desirable to equalize small static
pressure differences between the plenum chambers
induced by lifting models.

For the next series of tests another
pressure transducer was placed near the down-
stream end of the plenum chamber. Figure 33a
shows that in the plenum chamber the pressure
fluctuations at 50 Hz were higher than those in
the working section, suggesting resonance at
the longitudinal organ pipe frequency (the 11 ft
length corresponds with a closed/closed mode
of 50 Hz). This hypothesis was confirmed by
the insertion of a paper honeycomb at the end
of the plenum chamber. This introduced attenua-
tion between the diffuser and the plenum chamber
and thus reduced the plenum chamber pressure
fluctuations at 50 Hz. However, the honeycomb
did not alter the working section pressure
fluctuations (fig. 33b), indicating that the
unsteadiness was excited in the diffuser or work-
ing section rather than the plenum chamber.

Figure 29.

*

This was suggested by Mon. R Destuynder in the
light of comparable experiments in the ONERA

6 fr tunnel.

COMPLEX FLOW
UNDER SHEAR
LAYER

HERRING BONE
OIL FLOw
PATTERN ON

SURFACE OF HOLES

Possible flow model for edge-tone excitation.

WORKING

SIDI
COLLECTOR
7= \AANNNN \'

NO SIDE
COLLECTOR
BAFFLES

40 6080

o 04 060810 20
n=tw/V
Figure 30. Effect of side collector baffles on

edge-tones, M = 0.60,
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The honeycomb was then removed because it inter-—
ferred with the flow through the downstream end of
the perforated liners and absorbed extra power.

The honeycomb was replaced by a series of plenum
chamber baffles wedged through the 4 in diameter
transverse venting holes. In the upstream part of
the plenum chamber these baffles were set at 45°

to produce high acoustic damping for the longitu-
dinal model. In the downstream part of the plenum
chamber, the baffles were set at zero incidence to
provide some limited acoustic damping and to
partially inhibit the unsteady lateral flow in the
plenum chamber indicated by nylon tufts. These
combined baffles reduced the plenum chamber pressure
fluctuations more effectively than the honeycomb
and also reduced the sidewall pressure fluctuations
over a wider range (fig. 33c). This improvement
probably came from a more stable plenum chamber
flow although no noticeable improvement in steadi-
ness of the nylon tufts was observed.

Apart from thg investigations reported ]?y
Starr and Schueler®? and Anderson, et. al.,[‘ little
work has been done to determine the optimum plenum
chamber volume VP’ relative to the working section

volume V.. For the RAE 3 ft x 3 ft
these rals:ios are relatively low, with
adverse effects.

tunnel,
no apparent

WORKING SECTIONS FOR RAE 3 FT

Figure 31.

JnF(n)
0-030 R
ALL HOLES
0-02s |- OPEN
0-020 |-
o-ols -
oolo | 6%
ALL

0-005 HOLES CLOSE]

o

ol o2 o4 060810 20 40 60 80

n=tw/v
(a) ZERO AND 6 %, OPEN AREA RATIOS
0030 ALL HOLES R -
0 025 |- OPEN
14% OBS SIDE WALL OPEN

©020 |- ----< 30%085 +TOP WALL OPEN
cois b 4 6%0BS + TOP AND BOTTOM OPEN
o-oi0 |-
0005 e

o 1 1 1 1 1 1 1 1 1

o1 o2 04 060810 20 40 6080

n=twl/y

(b) INTERMEDIATE AND 6% OPEN AREA RATIOS

Effect of sealing holes on edge-tones,
M = 0.60.

TUNNEL NI
Q-030 -
VP/VT
0-025 |
3 ft x 3 ft (4 sides 1.8 NO CORNER
slotted) 0-020 |- BAFFLES
3 ft x 2.7 ft (4 sides 2.1 o-0i5 }
perforated)
3ft x 2.2 ft (top and 0.4 o010 I L
bottom ==
O-005|" 2~ PERFORATED
walls slotted) - P
o ~" CORNER BAFFLES L s ' Lo o
The low value for the top and (el 0-2 0-4 O 0810 2:0 40 60 80
bottom slotted section should be n-twlv
particularly noted. For reference
purposes, it is worth noting Figure 32. Effect of plenum chamber corner baffles on edge-tones,

that Starr and Schueler's tests

ranged from V_/V, = 8.3 down to M = 0.60.
P'T
only 0.8.
v_/V
P/ T
JoF@
i.e. Standard 8.3 0-015 -
WORKING ELCE:k':AABER
0-010 g
Large 3.0 SECTION
. 1 1 1 1 1 L 1 1 1
Medium 1.8 o oz} 04 060810 20 40 6080
50c/s nz tw/V
(@) NO HONEYCOMB
Small 0.8 o018 o
WORKING o OIOL
Small, but useful capital cost SECTION SIDEWALL
savings can probably be achieved by 5 00 O00SE __ S . N -
adopting the smallest reasonable plenum oL o'_;“"”"","“",'—g;l_'o 5 VR YT
chamber volume. A small plenum chamber HONEYCOMB o4 o6 netw/V
volume would help to reduce the start- VPFE) (b)) HONEYCOMB AT END OF PLENUM CHAMBER
: : N 0-01s -
ing time of an intermittent tumnel, and WORKING
hence, reduce the running costs. A SECTION 0 0lo -
small plenum chamber, carefully de- o) 0-005 - SIDEWALL ==
signed to avoid resonances, should l 7 9\/6 B o~~~ P-Ir?uﬁ_crfﬁn‘llt'_n’T‘_"‘T‘——’T’ L
contribute very little to the flow un- UPSTREAM DOWNSTREAM o o2 04 o6 9810 20 43"?\?130

steadiness in the working section. BAFFLES  BAFFLES (c) BAFFLES ALONG PLENUM CHAMBER
AT 45 STREAMWISE
Some additional discussion on the
influence of the plenum chamber on Figure 33. Effect on acoustic attenuators in

flow unsteadiness is given in reference 3.

plenum chamber.
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6. CONCLUSIONS

Careful attention to the design of every element of the circuilt is required to achieve low levels
of flow unsteadiness in the working sectfon of a transonic wind tunnel (fig. 5).

It is possible that the levels of flow unsteadiness in future transonic tunnels will be determined
primarily by the working section design, rather than the drive system adopted.

Ventilated working sections with diffuser suction are widely used and further research into the
mixing process in the extraction region is recommended.

ACKNOWLEDGEMENT

The author 1s grateful to Mr. R. E. Bower, Director for Aeronautics, NASA Langley Research Center
and to Dr. R. A. Kilgore for the invitation to prepare this paper.



16

7. REFERENCES

1Igoe, W. B.: Wind Tunnel Buffeting Measurements on .Two-Wing-Fnd Plate Airplane Model Configura-
tions. NASA TM X-1454, March 1967.

2Anonymous: Dynamic Flow Characteristics of the Transonic Test Section of the 5-Foot Tunnel.
National Research Council of Canada. Report DME/NAE, 1948 (4), pg. 59.

3Mabey, D. G.: Flow Unsteadiness and Model Vibration in Wind Tunnels at Subsonic and Transonic
Speeds. ARC CP 1155.

4McCanless, G. ¥., Jr. and Boone, J. R.: Noise Reduction In Transonic Wind Tunnels. J Acoustical
Soc. AM Vol. 56, No. 5, November 1974, pgs. 1501-1510.

5Siddon, T. E.: On the Response of Pressure Measuring Instrumentation In Unsteady Flow. UTIAS
Report 136, January 1969.

6Karabinus, R. J. and Sanders, B. W.: Measurements of Fluctuating Pressure in an 8-Ft x 6-Ft
Supersonic Wind Tunnel for Mach Number Range of 0.56 to 2.07. NASA TM X-2009, May 1970.

7Owen, T. B.: Techniques of Pressure Fluctuation Measurements Employed in the RAE Low Speed Wind
Tunnels. AGARD Report 172 (ARC 10780) 1958.

8Lilley, G. M.: On Wall Pressure Fluctuations in Turbulent Boundary Layers. ARC 24241, 1962.

9Jones, J. L.: Transonic Testing in Existing Wind Tunnels. Paper 19, AGARD CP 83-71.

1
OCumming, D. P. and Lowe, W. H.: Experimental Wall Interference Studies in a Transonic Wind
Tunnel. AIAA Paper 71-292.

llTreadgold, D. A.: Some Examples of the Application of Methods for the Prediction of Boundary
Layer Transition on Sheared Wings. RAE Technical Report 72135, 1972.

1
2Charney, G., Comte-bellot, G., and Mathieu, J.: Development of a Turbulent Boundary Layer or a
Flat Plate in an External Turbulent Flow. Paper 27, AGARD CP 93-71.

13Green, J. E.: On the Influence of Free Stream Turbulence on a Turbulent Boundary Layer, as it
Relates to Wind Tunnel Testing at Subsonic Speeds. RAE Technical Report 72201, 1972.

14Morkovin, M. V.: Effect of Compressibility on Turbulent Flows. The Mechanics of Turbulence,
pg. 367, Gordon and Bench 1964. (Marseille Colloquium 1961)

15
Robertson, J. E.: Unsteady Pressure Phenomena for Basic Missile Shapes at Transonic Speeds.
ATAA Preprint 64-3.

l6Goethert, B. H.: Transonic Wind Tunnel Testing. AGARD-o-graph No. 49, Pergamon Press 1961.

l7Mabey, D. G.: Pressure Fluctuations Caused by Separated Bubble Flows at Subsonic Speeds. RAE
Technical Report 71160, 1971.

18
Wills, J. A. B.: Spurious Pressure Fluctuations in Wind Tunnels. NPL Aero. 1273, July 1967.
Journ. Acoustical Society of America, Vol. 43, No. 5, May 1968, pgs. 1049-1054.

1

9Mabey, D. G.: Leading-edge Attachment in Transeonic Flow With Laminar or Turbulent Boundary
Layers. Journ Aero/Space Science, Vol. 29, No. 9, September 1962, pgs. 1034-1037, ARC 23123,
September 1962.

2OPearcey, H. H., Osborne, J., and Haines, A. B.: Interaction Between Local Effects at the Shock
and Rear Separations - A Source of Significant Scale Effects in Wind Tunnel Tests on Aerofoils and
Wings. NPL-Aero-Note 1071 (ARC 30477), September 1968.

2
1Anonymous: Engine/Airplane Interference and Wall Corrections in Transonic Wind Tunnel Tests.
AGARD AR-36-71, August 1971.

ZZStewart, D. G. and Fisher, S. A.: Instability and Turbulence in Supersonic Air Intakes - The
Effects of Free Stream Turbulence, Reynolds Number and Surface Roughness on Some Axisymmetric Intakes
at M = 1.8 and 2.2. ARL/ME 129, November 1970.



17

23Bradshaw, P. and Pankhurst, R. C.: The Design of Low-Speed Wind Tunnels. Progress in Aero
Science, Vol. 5, pgs. 1-69, 1964.

2
4Mabey, D. G., and Sawyer, W. G.: Reduction of Flow Unsteadiness in the 3 ft x 4 ft Supersonic
Tunnel. RAE TR 73-194, March 1974,

25Bradshaw, P.: The Effect of Wind Tumnel Screens on Nominally Two Dimensional Boundary Layers.
Journ Fluid Mechanics 22, Part 4, pgs. 679-687.

26Ribner, H. 5. and Tucker, M.: Spectrum of Turbulence in a Contracting Stream. NACA Report
1113, 1963.

27
Baird, R. C.: Pulsation Induced Vibration In Utility Steam Generation Units. Journ of Cumbustion,
April 1954, pgs. 38-44.

28Putnam, A. A.: Flow Induced Noise in Heat Exchangers. ASME Paper No. 58, A-103.

29
Godman, R. R., Stein, S.: Elimination of Noise in the Heat Exchanger of a Supersonic Wind
Tunnel. ASME Paper No. 59, A-232.

30Grotz, B. J., Arnold, F. R.: Flow Induced Vibrations in Heat Exchangers. TR 31, Office of
Naval Research, August 1956.

31Martin, N. J., and Holzhauseh, C. A.: Analysis of Factors Influencing the Stability
Characteristics of Symmetric Twin-Intake Air-Induction Systems. NACA TN 2049, March 1950.

3ZHeskestad, G. and Olberts, D. R.: Influence of Trailing-Edge Geometry on Hydraulic Turbine
Blade Vibration Resulting from Vortex Excitation. ASME Paper No. 59, Hydr 7, or Journ Eng. for
Power 82A, No. 2, April 1960, pgs. 103-110.

3JSears, W. R.: Self-Correcting Wind Tunnels. Aeronautical Journal, Vol. 78, No. 758-759, Feb./
Mar. 1974, pgs. 80-89.

34Mabey, D. G.: Analysis and Correlation of Data on Pressure Fluctuations in Separated Flow.
ATAA Journ August/September 1972.

35
Eggink, H.: On Unsteady Processes in High Speed Tunnels. Volkenrode Translations RT 948,
September 1947.

36
Dods, J. B., Jr., and Hanly, R. D.: Evaluation of Transonic and Supersonic Wind Tunnel Back-—
pround Noise and Effects on Surface Pressure Fluctuation Measurements. AIAA 72-1004, September 1972.

37Christophe, J. M., and Lioniewski, J. M.: Reduction of Pressure Fluctuations in a Transonic
Test Section. (ONERA unpublished).

38
Roshko, A.: On the Wake and Drag of Bluff Bodies. Journ Aero-Science, Vol. 22, No. 2,
pgs. 124-132, February 1955.

39
King, J. L., Boyle, P., and Ogle, J. B.: 1Instability in Slotted Wall Tunnels. Journ Fluid
Mechanies, Vol. 4, Part 3, July 1958, pgs. 283-305.

0
Starr, R. F. and Schueler, C. J.: Experimental Studies of a Ludwieg Tube High Reynolds Number
Transonic Tunnel. ATIAA Paper 73-212,

41
Anderson, C. F., Anderson, A., and Credle, 0. P.: The Effect of Plenum Volume on the Test
Section Flow Characteristics of a Perforated Vall Transonic Tunnel. AEDC TR 70-220, October 1970.

NASA-Langley, 1976 CR-2722



